The objective of this study was to illustrate the urban flood resilience and sustainability improvement potential by integration of decentralized water management systems in sustainable urban regeneration projects. This paper discusses sustainable and resilient urban regeneration potentials using the example of an industrial compound (ICs) conversion in Seoul, South Korea. Urban flood vulnerability has been a concern globally due to land use changes, limited capacity of existing stormwater management infrastructures and the effects of climate change. Due to their comparably low building density, ICs can effectively contribute to the separation and decentralized retention and infiltration of stormwater. However, no sustainable and resilient conversion examples of ICs have been realized in Seoul so far. After identification of a representative IC, its exemplary sustainable conversion with implementation of decentralized water management infrastructures were designed. The rainwater collection, retention and infiltration system was dimensioned in order to create a stormwater discharge-free property. The qualitative and quantitative analysis of the improvement potentials before and after the conversion unveiled that this conversion contributes also to the improvement of the neighborhoods' sustainability, spatial quality and resilience to disasters. The research results are transferable to other urban ICs and are a good practice example for sustainable and resilient regeneration of existing urban districts.
Introduction

Flooding from Stormwater Runoff and Water Sensitive Conversion Potential of Industrial Compounds in Seoul
Flooding from storm water runoff due to extreme precipitation events has been a historical problem in Seoul, South Korea [1] . Flooding caused by extreme precipitation events have been documented since the 12th century in the oldest historical document in Korea [2] . The average annual precipitation in Seoul is 1200-1600 mm and is the highest compared to other areas in the Korean area on the same latitude [3] . Most of the annual precipitation in Korea occurs in summer, during the rainy period between mid-June and early September [2, 4] . In Seoul, approximately 30% of annual rainfall occurs during the rainy period [3] . Permanent seasonal rain events in Korea can last from a few days to several weeks, including extreme precipitation and severe rainstorms [2] . A severe rainstorm refers to rainfall of more than 30 mm per hour or 80 mm per day, or when approximately 10% of annual precipitation is concentrated on one day [5] . Monitoring of flooding events in Seoul during the period Seoul. Figure 1a represents a map with the location of flooded areas in the years 1987, 1990, 1998, 2001, 2010 and 2011 . [1, 6] . 1987 , 1990 , 1998 , 2001 , 2010 [6] ; (b) flood vulnerable areas in Seoul: areas are assigned to flood vulnerability classes from Level 1 (least vulnerable areas) to Level 5 (most vulnerable areas) [7] .
Seoul consists of 25 districts (Korean: Gu) and 424 administrational neighborhoods (Korean: Dong). Since the 1980s, eight neighborhoods in six Gus in Seoul have been flooded more than four times and are therefore classified as flood-prone areas. Flood occurs mainly in the lower areas of Seoul due to the specific mountainous topography and limited capacity of drainage systems [1, 8] . In addition to the classification of existing flood-prone areas, flood vulnerable areas have also been identified in Seoul. Areas have been assigned to five classes of flood vulnerability, based on existing and potential future flooding risks, local climate, flood sensitivity and flood adaptability ( Figure 1b ) [7] .
The existing centralized drainage infrastructures in Seoul are meant for increased drainage and retention volume capacities in mixed sewer systems, which is the major sewage system applied in Seoul [1, 9] . Of the drained areas, 93.7% are equipped with mixed systems, leaving only 6.3% of the areas equipped with separate sewer systems [9] . Flood prevention systems in Seoul are mainly based on structural infrastructures, such as mixed sewage overflow retention basins, micro dams for stormwater runoff retention in streams and rainwater pumping stations in lower areas for the discharge of accumulating storm water surplus to streams [1] . However, the existing drainage and retention infrastructures are not enough to cope with flooding caused by precipitation events that are becoming increasingly extreme. Accordingly, more holistic, sustainable and resilient approaches for urban stormwater management are required. Such approaches are based on a paradigm shift in urban water management and urban planning, and focus is on the minimization of flooding risks and the creation of sustainable urban water cycles [6, 10] .
In this study, the water sensitive conversion potential of industrial compounds (ICs) in Seoul is discussed, with an aim of improving Seoul's urban resilience by integrating decentralized water management systems with sustainable and resilient urban regeneration. The majority of modern ICs in Korea were built in the second half of the 20th century. ICs played an important role in the socioeconomic growth of Korea from the 1960s until the 1980s [11] . Light industry ICs in Seoul were located in urbanized areas close to residential or/and commercial areas [11] [12] [13] . Since the late 1980s, the main industrial activities in Seoul have changed from light and heavy industries to information industries. Therefore, the majority of ICs were demolished and replaced with different kinds of new urban developments. The remaining ICs were often abandoned and left vacant due to the lack of recognition of their potential values [14, 15] . 1987 , 1990 , 1998 , 2001 , 2010 [6] ; (b) flood vulnerable areas in Seoul: areas are assigned to flood vulnerability classes from Level 1 (least vulnerable areas) to Level 5 (most vulnerable areas) [7] .
Seoul consists of 25 districts (Korean: Gu) and 424 administrational neighborhoods (Korean: Dong). Since the 1980s, eight neighborhoods in six Gus in Seoul have been flooded more than four times and are therefore classified as flood-prone areas. Flood occurs mainly in the lower areas of Seoul due to the specific mountainous topography and limited capacity of drainage systems [1, 8] . In addition to the classification of existing flood-prone areas, flood vulnerable areas have also been identified in Seoul. Areas have been assigned to five classes of flood vulnerability, based on existing and potential future flooding risks, local climate, flood sensitivity and flood adaptability ( Figure 1b) [7] .
In this study, the water sensitive conversion potential of industrial compounds (ICs) in Seoul is discussed, with an aim of improving Seoul's urban resilience by integrating decentralized water management systems with sustainable and resilient urban regeneration. The majority of modern ICs in Korea were built in the second half of the 20th century. ICs played an important role in the socioeconomic growth of Korea from the 1960s until the 1980s [11] . Light industry ICs in Seoul were located in urbanized areas close to residential or/and commercial areas [11] [12] [13] . Since the late 1980s, the main industrial activities in Seoul have changed from light and heavy industries to information industries. Therefore, the majority of ICs were demolished and replaced with different kinds of new urban developments. The remaining ICs were often abandoned and left vacant due to the lack of recognition of their potential values [14, 15] . The first concept for the designation of industrial heritages was developed in Korea in the early 2000s. In 2002, the Registered Cultural Heritage (RCH) system was introduced after revision of the Cultural Heritage Protection Act [16] . The RCH system was founded to conserve and utilize modern historical and cultural heritages including industrial heritages [11, 13, 14] . However, only a limited number of buildings have been designated as RCHs in Seoul. To protect the modern heritages in Seoul that had been not registered as RCHs, the City of Seoul introduced the Seoul Future Heritage (SFH) selection program in 2013 [17] . However, the SFH system does not provide an official guideline of how registered heritages should be utilized or conserved.
To increase the designation of ICs to industrial heritages in Korea, including RCHs and SFHs, urban regeneration approaches have been addressed in various Korean studies [15, 18, 19] . Accordingly, industrial heritages have high conversion potential from an urban regeneration perspective and according to the following two characteristics.
(i) The spatial characteristics of industrial heritages: Industrial heritages generally have comparably low building densities, low site occupancy ratios and low floor area ratios. Accordingly, ICs feature large open spaces between low-rise buildings, which contrasts with the generally high-density built up areas in Seoul with limited spaces for new construction. (ii) The characteristics of industrial heritages: Industrial heritages that are closely located to residential, commercial or mixed-use areas have potential to provide various social, economic and ecological programs and infrastructure functions for the neighborhood. By integration with existing urban infrastructures [20] , the sustainability and resilience of the surrounding neighborhoods can be increased.
However, no resilience and only few sustainability aspects and cultural aspects have been addressed in past IC renovation and conversion projects in Seoul. The aim of this research is to foster sustainable and resilient urban regeneration in Seoul by an exemplary IC conversion. Due to the absence of existing IC conversion projects, this study used one design proposal for the exemplary resilient and sustainable conversion of an IC with integration of decentralized water management systems. The resilience to disasters concerns primarily flooding by extreme precipitation events, droughts and heat. Practically proven approaches, methods, tools and strategies were applied in the exemplary IC's spatial planning and conversion design process. The evaluation of the conversion design was based on qualitative and quantitative analysis. Architectural design, environmental socio-cultural and water management aspects were addressed. However, economic aspects were beyond the scope of this research.
Study Area
Predicting potential risks and damage of natural disasters such as floods and drought is an important step to introduce countermeasures and to cope with potential disasters. However, disaster risk prediction is challenging due to the complexity of their causes [1, 7] . The prediction, reduction of disaster risks and recovering from the resulting damage are among the biggest challenges in the new urban agenda [1, 7, 21] . Urban resilience has been emerging as an important concept to cope with disasters in urban areas. In 2015, urban resilience was in two of the 17 sustainable development goals (SDGs) defined by the United Nations (UN) [21] . Urban resilience was assigned as one of the main goals to Goal 9 and Goal 11, and the sub-goals of Goal 1 and Goal 13. Goal 9, "Build resilient infrastructure, promote inclusive and sustainable industrialization and foster innovation" aims for development of sustainable and resilient infrastructure for human well-being and economic development. Goal 11, "Make cities and human settlements inclusive, safe, resilient and sustainable" aims for increasing the resilience of settlements to disasters and adaptation to climate change by 2020 [9] . Therefore, the integration of urban resilience and sustainability issues in urban planning and design processes is essential for urban development. 
Materials and Methods
Sustainable Urban Regeneration Frameworks for the Renovation of the examplary Industrial Compound
The selection of the exemplary IC in Mullae-Dong was based on qualitative and quantitative analysis of Seoul regarding flood vulnerability (such as flood prone areas and flood vulnerable areas). A representative IC in Seoul was selected based on the following spatial and locational characteristics: the IC must located in an industrial district of the city and must be registered as a "Seoul future heritage area" [22] . Furthermore, the IC must be in a high flood vulnerability zone (see Section 3.2.1) and mixed-use land function. The proposed conversion strategies are transferable to other ICs in Seoul and therefore contribute to Seoul's urban resilience and sustainability conversion processes.
The exemplary IC case study analysis was executed on different levels, from district, over neighborhood, to the building level. The district level analysis included the analysis of existing natural and anthropogenic basic conditions, such as existing urban water cycle, related infrastructure and data, local climate data, topography, land uses, permeability of the grounds, groundwater levels, and population density. The neighborhood level analysis of the exemplary case study included more detailed information on urban infrastructure such as land use, building age, existing water management infrastructures, topography, and storm water runoff analysis by data and onsite observation. The building level data and onsite analysis included the design, construction and conditions of the existing buildings.
The degree of conservation and utilization of existing buildings was determined by applying Korean industrial heritage conservation and utilization criteria in the analysis process of the existing buildings [13] [14] [15] . The same criteria were used to decide the kind and degree of building renovations and new building constructions. The integration of specific aspects related to sustainable architecture, water, vegetation, material, infrastructure, as well as specific technologies and building services engineering systems was based on the analysis of good practice examples of integrated sustainable holistic design projects.
The decentralized water management systems integrated in the conversion design were based on the new and innovative approaches for the reconstruction of the natural water and nutrient cycle. Rainfall on the IC is managed onsite, including the harvesting, retention, infiltration storage and utilization of rainwater [23] [24] [25] [26] . Wastewater and organic waste produced in the converted IC design is managed and recycled onsite with decentralized technologies and systems. The system includes the application of membrane bio reactors for water purification and Terra Preta technology for the management of organic wastes [24, 27, 28] . Recycled water and organics are also reused onsite for urban farming. The design of the water and sanitation system was based on estimated water consumption on the converted IC and the resulting wastewater and organic waste flows. The specific volumes, technology and system capacities were estimated and calculated with proven tools and criteria [29] [30] [31] . The quantification of drinking water and service water consumption and potential onsite drinking water and service water production capacities were executed based on our own estimations and data published in scientific publications [31] . The quantification of urban farming water consumption was done through literature and case study reviews [26, 27, 32 ].
Stormwater Simulation Methods
In addition to the development of reuse strategies for wastewater and rainwater, the rainwater management system was designed to manage the total rainfall on the converted IC onsite and prevent stormwater discharge from the property in case of extreme precipitation events. The required retention volumes and areas for infiltration of rainwater for the recharge of groundwater were calculated using the program STORM XXL [29] . Required data for the calculations were climate data, the sizes, the retention, drainage properties and capacities of stormwater drainage surfaces. The retention and infiltration systems, soil properties and the available freeboard are also required. The objective of the stormwater management simulations was to quantify the effectiveness of the exemplary IC's decentralized stormwater management system for the following indicators: (i) number of storm water overflow events and discharge of surplus stormwater from the IC property to the nearby Dorim-cheon stream via the municipal mixed sewage system, and (ii), determination of stormwater retention and infiltration volumes with decentralized stormwater management systems integrated on the exemplary IC property.
To illustrate the effectiveness of the proposed sustainable conversion system, the retention, infiltration, discharge, and overflow events were all quantified for the exemplary IC (i) before and (ii) after renovation. Historical and statistical data of storm events collected from different rain stations located within the urban context of Seoul were used for the simulations with STORM XXL.
Results
Selection of Exemplary Case Study IC
Three industry types characterizing three districts in Seoul were identified. Steel manufacture ICs are mainly in Mullae-Dong, Yeongdeungpo-Gu. Shoe manufacture ICs are in Seongsu-Dong, Seongdong-Gu. Light industry ICs are in Garibong-Dong, Guro-Gu [12] . Comparison of the main characteristics of the three districts was done as shown in Table 1 . All three districts have high flood vulnerability [8] . To facilitate the integration of decentralized water management systems and integration of various programs, supporting the local community, an IC with a common average size and spatial configuration was selected as exemplary IC for the conversion design in the framework of this research. This exemplary IC is located in 92, 1 Ga, Mullae-Dong, Yeongdeungpo-Gu, Seoul and consists of multiple buildings surrounding an open courtyard accessible from one road via an open space between the buildings (see Section 3.2.2. Neighborhood Level). This IC consists of one to two story buildings. The ground floor areas have the biggest portion of the total floor area and were most frequently used together with the courtyard, e.g., for access, storage, manufacture and transportation purposes. The IC buildings were built before 1988 and therefore meet the required basic condition to be considered as modern cultural heritage [11] .
Case study Analysis
District Level
Mullae-Dong is one of 18 neighborhoods in Yeongdeungpo-Gu, Seoul ( Figure 2 ). The total area of Mullae-Dong is 1.49 km 2 with a population of 31,618 inhabitants. The population density of the neighborhood is 21,362 per km 2 [33] , which is approximately 31% higher than the average population density of 16,364 km 2 in Seoul [34] .
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Mullae-Dong is one of 18 neighborhoods in Yeongdeungpo-Gu, Seoul ( Figure 2 ). The total area of Mullae-Dong is 1.49 km 2 with a population of 31,618 inhabitants. The population density of the neighborhood is 21,362 per km 2 [33] , which is approximately 31% higher than the average population density of 16,364 km 2 in Seoul [34] . The connection rate to the public drinking water supply network in Mullae-Dong 1 Ga is 100%. In 2016, the average amount of drinking water supply per person a day was 344 liters (hence defined as "l" units). This amount has increased by 28 l since 2011. Wastewater and stormwater from 99.18% of Mullae-Dong 1 Ga's total area are collected and drained via mixed sewers. In 2015, separated sewers for the collection of wastewater and stormwater were installed for 0.82% of the total area [33] . The rainfall data used were those of Seoul, because no data for district level were available. The rainfall in Seoul exceeds the potential evaporation during summer months in wet years, such as in 2010 (2043.5 mm/a), and on average in the period from 2000 to 2015 (1548.3 mm/a on average- Figure 3a ). The balance was positive and results in freshwater surplus. During dry years ( Figure 3b ), such as in 2015 (792.1 mm/a), the potential evaporation exceeded the rainfall in almost all months of the year and freshwater surplus was consistently reduced during the summer months. Accordingly, the balance was negative and resulted in freshwater demand. The differences in rainfall and the balance with potential evaporation in wet and dry years and the yearly average illustrate the challenges for sustainable water management and the provision of resilience against drought and flooding [35] . The connection rate to the public drinking water supply network in Mullae-Dong 1 Ga is 100%. In 2016, the average amount of drinking water supply per person a day was 344 liters (hence defined as "l" units). This amount has increased by 28 l since 2011. Wastewater and stormwater from 99.18% of Mullae-Dong 1 Ga's total area are collected and drained via mixed sewers. In 2015, separated sewers for the collection of wastewater and stormwater were installed for 0.82% of the total area [33] . The rainfall data used were those of Seoul, because no data for district level were available. The rainfall in Seoul exceeds the potential evaporation during summer months in wet years, such as in 2010 (2043.5 mm/a), and on average in the period from 2000 to 2015 (1548.3 mm/a on average- Figure 3a ). The balance was positive and results in freshwater surplus. During dry years (Figure 3b ), such as in 2015 (792.1 mm/a), the potential evaporation exceeded the rainfall in almost all months of the year and freshwater surplus was consistently reduced during the summer months. Accordingly, the balance was negative and resulted in freshwater demand. The differences in rainfall and the balance with potential evaporation in wet and dry years and the yearly average illustrate the challenges for sustainable water management and the provision of resilience against drought and flooding [35] .
In 2015, 49.31% of areas in Seoul had ground surface area with a permeability of less than 30% [36] . In contrast, non-permeable areas in Seoul had only a portion of 7.8% in 1962 [37] . Figure 4 illustrates the permeability of ground surface areas in Seoul (a) and Mullae-Dong in Yeongdeungpo-Gu (b). Except one water body, most of Mullae-Dong's surface areas are more than 90% non-permeable. Therefore, the rainwater infiltration and groundwater recharge rate is significantly reduced while storm water runoff, resulting flood and resulting damage risks are increased [37] . In 2015, 49.31% of areas in Seoul had ground surface area with a permeability of less than 30% [36] . In contrast, non-permeable areas in Seoul had only a portion of 7.8% in 1962 [37] . Figure 4 illustrates the permeability of ground surface areas in Seoul (a) and Mullae-Dong in Yeongdeungpo-Gu (b). Except one water body, most of Mullae-Dong's surface areas are more than 90% non-permeable. Therefore, the rainwater infiltration and groundwater recharge rate is significantly reduced while storm water runoff, resulting flood and resulting damage risks are increased [37] . 
Neighborhood Level
The exemplary IC is located at Mullae-Dong 1 Ga on the southeastern boarder of the Mullae-Dong district. Dorim stream in the west and a tributary in the south border the district and serve as receiving waters from the districts mixed sewage pumping stations during flood events 
The exemplary IC is located at Mullae-Dong 1 Ga on the southeastern boarder of the Mullae-Dong district. Dorim stream in the west and a tributary in the south border the district and serve as receiving waters from the districts mixed sewage pumping stations during flood events ( Figure 5 ). A watertight separation wall to adjacent train tracks defines the southeastern boarder of Mullae-Dong 1 Ga. [38] .
The district is located in the plain tract of Dorim-cheon. Therefore, the topography of the district, neighborhood and the exemplary IC is characterized by minimum height differences. The ground level heights of the built-up areas in the district are between 8 m and 12 m above sea level. On the exemplary IC site and the direct neighborhood, the topography with a height of 12 m above sea level is almost flat. The ground level height of the adjacent Riverside Park is approximately 2 m above sea level. The ground consists of sand or silt with different densities. The upper layer is located between approximately 1 to 12 m above sea level and consists of soft sand or silt. Harder sand or silt is located on heights between −7 to 1 m above sea level. Below a depth of −7m below sea level, the ground consists of rocky layers with low water permeability. The ground water level seasonally fluctuates between 5.2 and 6 m above sea level and accordingly 6 and 6.8 m below the ground surface level [39] of the exemplary IC site ( Figure 6 ). Therefore, the freeboard between the ground water level and the ground surface level of the site is between 6 and 6.8m. Urban development in Mullae-Dong started in 1940, when a large-scale residential complex was built for workers of the Yeongdeungpo Industrial Complex. In the 1980s, the first small steel manufacturing industries moved from downtown Seoul to Mullae-Dong due to the relatively cheap rents in this district, and this increased the establishment of steel manufacturing industries in this district [22] . From approximately 2008, artists also started to move to Mullae-Dong from other parts of Seoul, due to the comparably cheap rents in the district. As a result, the so-called Mullae artist village emerged within the steel manufacturing district. The diverse programs of living, working, arts, and craft create a unique atmosphere in the district. However, the amount of green open recreational space in the district got very limited. Other than Dorim-cheon Riverside Park in the west and the Mullae Geunlin Park, no other parks or public open green spaces were available in Mullae-Dong. Since this district hadn't been redeveloped, the existing buildings were generally built before 1988. Furthermore, many illegal or undocumented buildings and building extensions could be identified. In contrast, redeveloped areas with relatively new residential and commercial buildings characterize the surrounding districts.
The district is located in the plain tract of Dorim-cheon. Therefore, the topography of the district, neighborhood and the exemplary IC is characterized by minimum height differences. The ground level heights of the built-up areas in the district are between 8 m and 12 m above sea level. On the exemplary IC site and the direct neighborhood, the topography with a height of 12 m above sea level is almost flat. The ground level height of the adjacent Riverside Park is approximately 2 m above sea level. The ground consists of sand or silt with different densities. The upper layer is located between Sustainability 2020, 12, 918 9 of 26 approximately 1 to 12 m above sea level and consists of soft sand or silt. Harder sand or silt is located on heights between −7 to 1 m above sea level. Below a depth of −7m below sea level, the ground consists of rocky layers with low water permeability. The ground water level seasonally fluctuates between 5.2 and 6 m above sea level and accordingly 6 and 6.8 m below the ground surface level [39] of the exemplary IC site ( Figure 6 ). Therefore, the freeboard between the ground water level and the ground surface level of the site is between 6 and 6.8 m.
stream (highlighted turquoise) [38] .
The district is located in the plain tract of Dorim-cheon. Therefore, the topography of the district, neighborhood and the exemplary IC is characterized by minimum height differences. The ground level heights of the built-up areas in the district are between 8 m and 12 m above sea level. On the exemplary IC site and the direct neighborhood, the topography with a height of 12 m above sea level is almost flat. The ground level height of the adjacent Riverside Park is approximately 2 m above sea level. The ground consists of sand or silt with different densities. The upper layer is located between approximately 1 to 12 m above sea level and consists of soft sand or silt. Harder sand or silt is located on heights between −7 to 1 m above sea level. Below a depth of −7m below sea level, the ground consists of rocky layers with low water permeability. The ground water level seasonally fluctuates between 5.2 and 6 m above sea level and accordingly 6 and 6.8 m below the ground surface level [39] of the exemplary IC site ( Figure 6 ). Therefore, the freeboard between the ground water level and the ground surface level of the site is between 6 and 6.8m. An important aspect of the existing stormwater and sewage infrastructure in the neighborhood of the exemplary IC is its location under the flood levels of the receiving streams. Accordingly, mixed sewage and stormwater needs to be pumped into the receiving waters in the case of flood events. There are two purported rainwater pumping stations nearby the site. In fact, these stations are mixed sewage pumping stations that discharge mixed sewage directly into the receiving waters if the capacity of the mixed sewage drainage and treatment system is exceeded. Pumping station A and B are approximately 1 and 0.45 km away from the exemplary IC's site, respectively. The pumping stations discharge mixed sewage from sewage systems to streams during heavy precipitation events when the capacity of the sewage systems is exceeded. Therefore, locations close to such pumping stations are confronted with high mixed sewage backflow and overflow risks in cases of extreme precipitation events. A site plan of the exemplary IC and its direct neighborhood indicates the location of existing water infrastructures including the location of fire hydrants, mixed sewage manholes, water supply manholes, and storm water gutters (Figure 7 ). The natural slope in the neighborhood of the exemplary IC directs the storm water runoff in a southeastern direction. The stormwater flow is blocked by man-made structures such as the separation walls between the built-up areas and the train tracks along the southeastern district border (Figure 7c ). 
Building Level
The analysis of the specific conditions of envelopes, structures, as well as the number of floors and current building uses created the basic conditions for the exemplary ICs redevelopment strategy and decision-making regarding the renovation or the demolishment of existing buildings and the construction of new buildings. The exemplary IC consists of 6 existing buildings (buildings 1 to 6 in Figure 8 ) that are located around an open courtyard. The IC is located at 92, 1 Ga, Mullae-Dong, Yeongdeungpo-Gu, Seoul. The total property area is 2,200m 2 with an existing site occupancy ratio of 0.6. The existing buildings were built in various periods between 1970 and the 1990s. The conditions of the buildings are very poor, except building 1, which was in a relatively good condition. Therefore, the decision made was to keep building 1 and renovate it, but demolish buildings 2, 3, 4, 5 and 6 due to their poor condition. The façades and roofs were damaged, on the outside as well as on the inside. Partly, the existing structures had roofs consisting of single steel plates and without proper construction. Building structures and interiors were directly exposed to outside weather conditions such as rainfall, humidity, wind, and temperature fluctuations for a long period. The existing buildings consisted of structural brick walls combined with steel reinforced concrete 
The analysis of the specific conditions of envelopes, structures, as well as the number of floors and current building uses created the basic conditions for the exemplary ICs redevelopment strategy and decision-making regarding the renovation or the demolishment of existing buildings and the construction of new buildings. The exemplary IC consists of 6 existing buildings (buildings 1 to 6 in Figure 8 ) that are located around an open courtyard. The IC is located at 92, 1 Ga, Mullae-Dong, Yeongdeungpo-Gu, Seoul. The total property area is 2200 m 2 with an existing site occupancy ratio of 0.6. The existing buildings were built in various periods between 1970 and the 1990s. The conditions of the buildings are very poor, except building 1, which was in a relatively good condition. Therefore, the decision made was to keep building 1 and renovate it, but demolish buildings 2, 3, 4, 5 and 6 due to their poor condition. The façades and roofs were damaged, on the outside as well as on the inside. Partly, the existing structures had roofs consisting of single steel plates and without proper construction. Building structures and interiors were directly exposed to outside weather conditions such as rainfall, humidity, wind, and temperature fluctuations for a long period. The existing buildings consisted of structural brick walls combined with steel reinforced concrete columns or walls. A part of building 2 was replaced and extended with steel sandwich panel structures without any openings to the adjacent road (2-1 in Figure 9 ). The ground floors of all buildings (2 to 6) were connected barrier free directly to the outside (2-2 in Figure 9 ) due to the characteristics of small-scale steel manufacturing workshops. Steel products were manufactured in the courtyard as well as in the indoor ground floor areas of the buildings. Accordingly, the ground floors and the courtyard had close spatial and functional connection. The ground floor levels of the existing buildings had semi-open characteristics. The conditions of the existing façades and structures of buildings 1 to 6 were as illustrated in Figure 9 . The main specifications of existing buildings on the IC property were the building footprints in square meters, the building construction quality (including abilities for renovation based on the utilization guidelines of industrial heritages in Korea [14, 16] ), main structural elements, number of floors, and current building use ( Table 2 ). The main specifications of existing buildings on the IC property were the building footprints in square meters, the building construction quality (including abilities for renovation based on the utilization guidelines of industrial heritages in Korea [14, 16] ), main structural elements, number of floors, and current building use ( Table 2 ). The main specifications of existing buildings on the IC property were the building footprints in square meters, the building construction quality (including abilities for renovation based on the utilization guidelines of industrial heritages in Korea [14, 16] ), main structural elements, number of floors, and current building use ( Table 2 ). 
Conversion Design Proposals
Design Aims
The exemplary ICs conversion design concept was developed based on an integrated planning and design process to achieve the following specific objectives:
•
Increasing urban resilience by adaptation to the effects of climate change and potential disasters caused by flooding, drought and heat.
Closing the urban water and nutrient cycles at property level:
Protection of underground and surface water bodies' quality and quantity. Retention of all rainwater and storm water on the property. Maximization of rainwater and recycled wastewater utilization. Reduction of drinking water consumption and direct water footprint by efficient and effective water use and savings. Integration of urban farming in the local water and nutrient cycle management.
• Creating public awareness and participation by visible integration of water and nutrient management and urban farming system in the design of indoors and outdoors. • Increasing energy independency by energy efficient building design and renewable energy production using building integrated photovoltaics (BIPV).
To achieve the above specific objectives with the conversion design of the exemplary IC, the spatial and program related planning and building design was based on the following two main strategies: (i) integration of technical and nature oriented systems for rainwater retention, infiltration, wastewater and nutrient recycling, urban agriculture and renewable energy production, (ii) creation of synergies for increased resilience, sustainability and livability through integration of new building programs, decentralized systems for water and resource management, as well as participation and education of citizens. The new building 3 covers the footprints of the demolished 3, 4, 5 and 6 (475m 2 ) and has been designed for multifunctional use, improved occupancy and utilization as public space. It consists of a basement floor (B1) that is connected to the B1 level of the new building 2, and a second gallery floor is connected via a central staircase to the first floor ( Figure 11 ). The ground floor area can be used for various activities and programs, such as markets, exhibitions, concerts, discussions and other performances. Technical and storage rooms will be on B1 level. A bar, bistro and café will be on the 1st floor gallery. The structural brick wall and pitched roof construction were based on the brick façades and pitched roofs of the demolished original buildings. Extensive roof light openings will be covered with semitransparent BIPV glazing for optimized daylighting, control of solar heat gains and renewable electricity production.
Renovation Design Overview
On the northeastern corner of the new building 3's ground floor, a small café has been designed to create a welcoming atmosphere and provide the reuse of the existing area as a pocket park. In the southwestern corner of the IC courtyard, a sunken area on B1 has been designed. The IC courtyard ground floor level is connected via a staircase with the underground floor of building 2. The sunken The range and level of renovation of the different buildings vary based the state of maintenance of each construction and the functional requirements of the new design. The original representative architectonic characteristics of the buildings were considered during the renovation planning process. The façades of building 1 were conserved and only structural weaknesses and damage in the building envelope were repaired. The renovation of building 1 was planned in order to preserve the original architectural features and characteristics. Due to the poor conditions of the structures and the building envelopes, the single-story buildings 2 to 6 were demolished and replaced by new multi-story constructions with an aim of conserving the original footprint area and increasing of usable floor area without additional sealing of ground. Table 3 presents an overview of the building programs included in the renovated building 1 and new buildings 2 to 6 of the converted exemplary IC. With respect to spatial renovation, the interior staircase located in building 1 was removed to increase user accessibility and enhance functional flexibility of the spaces. Additional internal structures, either supported by the existing load bearing walls or included within the building indoor space through an autonomous structural system, were introduced in the new buildings.
The functional renovation plan included a restaurant (indoor net floor area: 175m 2 ) located on the ground floor of building 1, replacing the existing separated workshops. The main reception and guest area of the restaurant can be extended outdoors in the courtyard. The extension of the guest area increases the available space and creates an open area that can be used for various activities. Open office rooms were located on the 1st floor of building 1. The open terrace serving as access to the offices on the southeast façade of building 1 was maintained and expanded. The horizontal rooftop area of building 1 was renovated and assigned to exterior café terrace use (net floor area: 192 m 2 ). The café located on the terrace can be directly accessed from the ground floor via the renovated existing external staircase. For barrier free access and in case of emergency, the terrace café is also connected to the ground floor via an elevator and a second stairway that was included in the new construction of building 2.
The newly designed building 2 has a building footprint area of 790 m 2 , which is 26 m 2 smaller than the existing building footprint of 816 m 2 . It consists of three stories: (i) underground floor (B1), (ii) ground floor (GF) and (iii) first floor (F1). A glasshouse has been put on the rooftop area of the first floor, enclosing a rooftop farming area of 710 m 2 . The pitched roof surface of the glasshouse will be covered with building integrated photovoltaic (BIPV) panels. Workshops and a living lab dedicated to sustainable water management and treatment technologies will be on the ground floor of the southern section of building 2. Access is provided from the ground floor via the IC courtyard.
Various activities, such as an extension of the living lab for sustainable water management and treatment technologies and a seminar hall for multiple events, will be carried out in the basement of the new buildings. The main construction of the new building 2 consists of steel beams and reinforced concrete slabs, in order to refer to steel manufacturing, the characteristic of the original IC building uses.
The new building 3 covers the footprints of the demolished 3, 4, 5 and 6 (475 m 2 ) and has been designed for multifunctional use, improved occupancy and utilization as public space. It consists of a basement floor (B1) that is connected to the B1 level of the new building 2, and a second gallery floor is connected via a central staircase to the first floor ( Figure 11 ). The ground floor area can be used for various activities and programs, such as markets, exhibitions, concerts, discussions and other performances. Technical and storage rooms will be on B1 level. A bar, bistro and café will be on the 1st floor gallery. The structural brick wall and pitched roof construction were based on the brick façades and pitched roofs of the demolished original buildings. Extensive roof light openings will be covered with semitransparent BIPV glazing for optimized daylighting, control of solar heat gains and renewable electricity production.
area facilitates the daylighting of the connected building 2's north-oriented B1 living lab areas. Figure 11 represents the B1, GF, 1F, 2F and rooftop plans and isometric view of renovated ICs.
The overall water and resource flow in the integrated decentralized infrastructure systems are discussed in the following section. 
Decentralized Water Infrastructure and Quantification of Water Supply Demand
Rainwater is collected from the rooftops of buildings 1 and 2. The runoff is purified with filters and stored in tanks, with a total capacity of 50 m 3 , which are located on the B1 level of building 2. The stored rainwater is utilized as service water for adiabatic cooling and dehumidification [33] during the summer and for air humidification during the winter. Traffic and courtyard areas on ground floor levels and the roof and facades of the new building 3 were designed for optimized retention of rainwater.
The drinking water supply system is based on the existing centralized public supply system. Drinking water is supplied to different places in the buildings, such as labs, workshops, kitchens, market and washbasins in toilets. Collected rainwater could be purified further to drinking water quality and used for substitution of centralized supplied drinking water. On the northeastern corner of the new building 3's ground floor, a small café has been designed to create a welcoming atmosphere and provide the reuse of the existing area as a pocket park. In the southwestern corner of the IC courtyard, a sunken area on B1 has been designed. The IC courtyard ground floor level is connected via a staircase with the underground floor of building 2. The sunken area facilitates the daylighting of the connected building 2's north-oriented B1 living lab areas. Figure 11 represents the B1, GF, 1F, 2F and rooftop plans and isometric view of renovated ICs.
The overall water and resource flow in the integrated decentralized infrastructure systems are discussed in the following section.
The drinking water supply system is based on the existing centralized public supply system. Drinking water is supplied to different places in the buildings, such as labs, workshops, kitchens, market and washbasins in toilets. Collected rainwater could be purified further to drinking water quality and used for substitution of centralized supplied drinking water.
The wastewater system consists of separated collection systems for blackwater from flush toilets, which is separated in liquid and solid phases, and greywater, e.g., from washbasins and cleaning.
The collected greywater is treated in a membrane bio reactor (MBR), purified and collected for reuse as service water for non-drinking purpose. During the treatment, greywater passes through three separate water tanks: pre-treatment tank (i), aeration/MBR tank (ii) and treated water tank (iii). Sludge is created in the first two steps. The sludge is collected, dehydrated and added to the Terra Preta soil production process [24] . The heat from treated greywater is extracted for hot water production by means of a heat pump (Figure 12 ). The integration of water cycles and technical heating and cooling technologies for building indoor comfort improves the building's energy demand by reducing energy demands for heat water production. Treated grey water is used as service water in the buildings and distributed by a second water supply system for non-drinking purposes. Service water applications include flushing of toilets, cleaning and irrigation of plants in urban farming and landscape design.
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The collected greywater is treated in a membrane bio reactor (MBR), purified and collected for reuse as service water for non-drinking purpose. During the treatment, greywater passes through three separate water tanks: pre-treatment tank (i), aeration/MBR tank (ii) and treated water tank (iii). Sludge is created in the first two steps. The sludge is collected, dehydrated and added to the Terra Preta soil production process [24] . The heat from treated greywater is extracted for hot water production by means of a heat pump (Figure 12 ). The integration of water cycles and technical heating and cooling technologies for building indoor comfort improves the building's energy demand by reducing energy demands for heat water production. Treated grey water is used as service water in the buildings and distributed by a second water supply system for non-drinking purposes. Service water applications include flushing of toilets, cleaning and irrigation of plants in urban farming and landscape design. To maximize the reuse of wastewater and achieve higher degrees of resilience and sustainability of the water and resource cycles, an integrated system of treatment and reuse of blackwater, urine and organic waste at property level was designed. The system is based on Terra Preta Sanitation technology (TPS) and facilitates the reuse of liquid and solid nutrients as organic matter in local agriculture and horticulture [41] . Urine is collected separately from 12 waterless urinals that have been installed in the buildings. The collected urine can be directly used partly in the urban farming as a liquid fertilizer. The remaining urine is mixed with dry organic matter, effective microorganisms (EM) and charcoal powder, then undergoes lactic acid fermentation and composting processes to be used in Terra Preta (Portuguese: black soil) production. The proportion and amount of urine used depends on the amount of organic waste used for Terra Preta production. The blackwater from the 31 water saving flush toilets that are installed in the buildings is separated into liquid and solid phases. The nutrient rich liquid phase is purified in a membrane bio reactor To maximize the reuse of wastewater and achieve higher degrees of resilience and sustainability of the water and resource cycles, an integrated system of treatment and reuse of blackwater, urine and organic waste at property level was designed. The system is based on Terra Preta Sanitation technology (TPS) and facilitates the reuse of liquid and solid nutrients as organic matter in local agriculture and horticulture [41] . Urine is collected separately from 12 waterless urinals that have been installed in the buildings. The collected urine can be directly used partly in the urban farming as a liquid fertilizer. The remaining urine is mixed with dry organic matter, effective microorganisms (EM) and charcoal powder, then undergoes lactic acid fermentation and composting processes to be used in Terra Preta (Portuguese: black soil) production. The proportion and amount of urine used depends on the amount of organic waste used for Terra Preta production. The blackwater from the 31 water saving flush toilets that are installed in the buildings is separated into liquid and solid phases. The nutrient rich liquid phase is purified in a membrane bio reactor (MBR) and is used as a microbiological safe liquid fertilizer for urban farming. The separated dry phase from toilets is collected in a storage and pre-fermentation tank where it is mixed with charcoal powder and EM and undergoes an odorless lactic acid fermentation process. Dehydrated surplus sludge from MBR systems and organic wastes from urban farming and the kitchen are also collected and mixed with charcoal powder and EM. After the fermentation processes, the different solids are mixed in specific proportions and pass through a vermicomposting process without significant nutrient losses. The final product is Terra Preta, a nutrient rich black organic soil [28] . The Terra Preta is used in urban farming and horticulture on building, property and neighborhood levels.
The integration of energy and technical systems is also addressed in this decentralized water and resource recycling system. Semi-transparent PV panels installed on the glasshouse rooftop of building 2 and on the roof of building 3 generate electrical energy. Surplus electricity from PV panels that is not directly consumed at the property level is stored in batteries and used as source of power when the local demand exceeds the production capacity. Surplus electricity is fed into the public grid to supply electricity to the neighborhood. Electricity is used in the building for lighting, water treatment systems, ventilation systems, heat pumps for cooling, heating and hot water supply, and other electric appliances.
The capacity of the grey water treatment system and the storage capacity for the service water were estimated based on the number of building users. In Table 4 , the predicted number of visitors and workers in the converted IC property are listed. It was assumed that 100 people work in the IC per day. The estimated number of visitors per day ranges between 570 and 670. The maximum number of visitors is the number estimated to be utilizing the facilities in the converted IC during the warm seasons of the year, from April to September. Increased numbers of indoor and outdoor events and activities, such as a market and seminars, could be held on the same day. The minimum number of visitors per day was assumed to be 270, on days when no events would take place, e.g., during the week in the cold season of the year, from November to February. Therefore, the average number of building users per day was assumed to be 400. As discussed in Section 3.2.1, the average drinking water supply per person a day in Yeongdeungpo-Gu was 344 L. However, this data includes also non-domestic water demand such as industrial, agriculture and commercial water uses. Accordingly, data for domestic water use in Seoul [31] was used to calculate the water demand for different applications in the converted IC. Since the data from the literature is based on domestic water use, it had to be converted to the non-domestic water uses of the converted IC. Building users were considered to be mainly short-term visitors or workers. It was assumed that the water use per building user and day is 50% of the domestic water use. The average water demand calculation of the IC is therefore based on 400 people with a consumption of 104 L water per day. The resulting average water consumption in the converted IC is accordingly 41,600 L/day and 1734 water L per hour.
The resulting wastewater will be collected on site. The treatment system will operate during the day using the electricity generated by the PV generators. During summer, the water treatment system can be operated for approximately 14 h per day. During the winter, the system can be operated only for 10 h. Therefore, the wastewater treatment tanks should have a minimum capacity of 24,276 L. Considering the wastewater demand during the peak season as well as maintenance and potential malfunctions, the storage volumes for the untreated raw water and for the purified service water were doubled, i.e., the wastewater treatment system was designed with a daily capacity of 50,000 L.
Decentralized Stormwater Management Concept and Simulation Parameters
The main strategies for the decentralized management of stormwater on the converted IC site are (i) stormwater collection, storage and use, as discussed before in Section 3.3.3; and (ii) retention and infiltration of surplus stormwater. The main retention and infiltration elements of the converted IC are underground concrete tanks with highly water permeable bottoms that facilitate the percolation of collected and retained stormwater into the ground. These infiltration facilities have been located under the basement foundation plates of the newly constructed buildings 2 and 3 ( Figure 13 ). The retention and infiltration tanks have a net storage height of 2.45 m and were designed to ensure they have no effect on the building foundations.
Surplus rainwater from the roof surfaces of buildings 1 and 2 that is not collected for use will be drained into the retention tanks. The roof and walls of building 3 were designed for water retention and with a substrate layer of approximately 10 cm. The retained water will improve the evaporation ratio of the converted IC. In addition, the traffic and courtyard areas were designed to be water permeable so as to improve the overall rainwater retention, infiltration and evaporation ratio ( Figure 13 ). Therefore, the courtyard landscaping also includes small infiltration ditches (Figure 13 ).
The collection of stormwater from roofs and impermeable courtyard and traffic areas will be executed through a drainage system. The overflow from permeable surfaces will also be directed to the drainage system that is connected to the stormwater retention and infiltration system. The underground retention and infiltration facilities and the decentralized water treatment and recycling system are equipped with overflows that will be connected to the public sewer system. The overflow is only installed for emergency purposes because the decentralized wastewater and stormwater management systems in the converted IC are dimensioned to avoid overflows.
The stormwater overflow volume, the number of overflow events, and the stormwater direct outflow to the stream (via the public sewer), as well as the evaporated, retained and infiltrated stormwater for the existing and the converted IC in relation to the total gross precipitation and stormwater volume were all designed using STORM XXL. The simulation was executed for a period of five years, referencing statistical rain data from a local rain measurement station in Seoul ranging from 01.01.2009 to 31.12.2014 . The results were as illustrated in Table 5 .
The simulation results show that the retention and infiltration systems under the newly constructed buildings 2 and 3 could completely prevent the occurrence of overflow events in the complex. The retention and infiltration of collected stormwater in the ground can effectively prevent the runoff and potential flooding and pollution of the public sewage system and the receiving surface water bodies.
Furthermore, the evaporation rate of the converted IC has been increased in comparison to the existing IC. The presence of permeable pavements and infiltration ditches in the courtyard and urban horticulture and agriculture contribute significantly to higher potential evaporation and evapotranspiration rates and the related improvement of the local microclimate. The increased retention and infiltration of stormwater contributes to the effective prevention of flooding and the recharge of groundwater. The stormwater overflow volume, the number of overflow events, and the stormwater direct outflow to the stream (via the public sewer), as well as the evaporated, retained and infiltrated stormwater for the existing and the converted IC in relation to the total gross precipitation and stormwater volume were all designed using STORM XXL. The simulation was executed for a period of five years, referencing statistical rain data from a local rain measurement station in Seoul ranging from 01.01.2009 to 31.12.2014 . The results were as illustrated in Table 5 . 
Discussion of Stormwater Retention and Infiltration Potentials
The STORM stormwater management simulation results for the converted IC supported the research thesis, which stated that decentralized stormwater management solutions can effectively avoid the discharge of stormwater from the property and even during extreme precipitation events. The implementation of permeable pavements and the construction of retention facilities under the basement of buildings can be implemented without limiting the uses of the converted IC buildings. Furthermore, the construction of underground retention and infiltration facilities can be combined with the building foundation constructions. Accordingly, the ground surface dimensions of the underground retention and infiltration facilities were based on the outside wall positions of buildings 2 and 3's basements. The volume was determined by multiplication of the total surface area with an overflow height of 2.45 m.
A more economical approach, based on the minimization of the monetary cost for the construction of the decentralized stormwater management facilities, would require the determination of the minimum required total infiltration area and retention volume for optimization of groundwater recharge ratio and complete prevention of overflow and discharge events from the property. Accordingly, an analysis of the linear decrease of storm overflow events based on the progressive increase of the cumulative retention volume and infiltration area, considering the same parameters for the sealed and unsealed surfaces of the compound, was executed. The analysis was produced through iterated simulations calculating the number of outflow events on the basis of increasing retention surfaces with an unchanged retention volume depth of 2.45 m. The simulation results illustrate an inverse proportion between the dimensions of the retention and infiltration surfaces positioned below the basement slabs of the newly constructed buildings and the amount of outflow from the infiltration volumes to the sewage system ( Figure 14a ) and from the sewage system to the stream (Figure 14b ). basement of buildings can be implemented without limiting the uses of the converted IC buildings. Furthermore, the construction of underground retention and infiltration facilities can be combined with the building foundation constructions. Accordingly, the ground surface dimensions of the underground retention and infiltration facilities were based on the outside wall positions of buildings 2 and 3's basements. The volume was determined by multiplication of the total surface area with an overflow height of 2.45 m. A more economical approach, based on the minimization of the monetary cost for the construction of the decentralized stormwater management facilities, would require the determination of the minimum required total infiltration area and retention volume for optimization of groundwater recharge ratio and complete prevention of overflow and discharge events from the property. Accordingly, an analysis of the linear decrease of storm overflow events based on the progressive increase of the cumulative retention volume and infiltration area, considering the same parameters for the sealed and unsealed surfaces of the compound, was executed. The analysis was produced through iterated simulations calculating the number of outflow events on the basis of increasing retention surfaces with an unchanged retention volume depth of 2.45 m. The simulation results illustrate an inverse proportion between the dimensions of the retention and infiltration surfaces positioned below the basement slabs of the newly constructed buildings and the amount of outflow from the infiltration volumes to the sewage system ( Figure 14a ) and from the sewage system to the stream (Figure 14b ). The simulation analysis illustrates that an overall volume of approximately 1088 m 3 , corresponding to three retention/infiltration volumes with respective length and width square dimensions of 11 × 11 m, 15 × 15 m and 12 × 12 m, a slope of 30% and a depth of 2.45 m, would be sufficient to completely avoid stormwater overflows of the retention and infiltration facilities to the public sewage. The volume of 1088 m 3 corresponds to only 39.30% of the maximum retention volume of 2767.77 m 3 that was considered underneath the basement slabs of the newly constructed buildings and evaluated for the stormwater simulation of the converted IC in Section 3.4. Additionally, the calculation of the percentage of stormwater overflow from the sewage system to the stream (Figure 15 ) further confirmed a constant reduction of approximately 10% of stormwater overflow volume per meter of swale surface dimensions increase. The simulation analysis illustrates that an overall volume of approximately 1088 m 3 , corresponding to three retention/infiltration volumes with respective length and width square dimensions of 11 x 11 m, 15 x 15 m and 12 x 12 m, a slope of 30% and a depth of 2.45 m, would be sufficient to completely avoid stormwater overflows of the retention and infiltration facilities to the public sewage. The volume of 1088m 3 corresponds to only 39.30% of the maximum retention volume of 2767.77 m 3 that was considered underneath the basement slabs of the newly constructed buildings and evaluated for the stormwater simulation of the converted IC in Section 3.4. Additionally, the calculation of the percentage of stormwater overflow from the sewage system to the stream ( Figure  15 ) further confirmed a constant reduction of approximately 10% of stormwater overflow volume per meter of swale surface dimensions increase. According to the presented research, design and the rainwater management simulation results for the exemplary IC conversion, decentralized stormwater management measures in the converted IC could also be used for the retention of stormwater from neighboring areas. Approximately 40% of the realizable retention volume would be sufficient for the realization of a stormwater discharge free IC, and 60% would be available for the retention and infiltration of stormwater from neighboring areas.
The research results in terms of stormwater overflow reduction through infiltration support published research results on the simulation and advantages of decentralized water management systems. In particular, this research confirms and expands previous research on the retention of stormwater and the reduction of peak stormwater runoff using decentralized systems. Stormwater peak runoff reduction in Kuala Lumpur, Malaysia, using low impact development systems (LID) consisting of vegetated swale and rain garden could only be reduced by up to 19% (for rainfall of between 70 and 90 mm) and up to 27% (for rainfall of up to 70 mm) [42] .
Results confirm that un-sealing and expansion of permeable topsoil in urban zones can contribute to the reduction of stormwater runoff and the resulting flooding events. Furthermore, this research provided extended scope compared with previously published investigations. The progressive overflow and runoff reduction of stormwater was analyzed based on the variable dimensioning of a modular decentralized rainwater management system. The result was a flexible dimensioning system that can be adapted to specific city contexts with different natural and anthropogenic basic conditions, such as climate, soil and groundwater properties, the proportions and properties of built-up areas, and free spaces. This research included the provision of architectural and technical principles and a modular adaptable system for the integration of According to the presented research, design and the rainwater management simulation results for the exemplary IC conversion, decentralized stormwater management measures in the converted IC could also be used for the retention of stormwater from neighboring areas. Approximately 40% of the realizable retention volume would be sufficient for the realization of a stormwater discharge free IC, and 60% would be available for the retention and infiltration of stormwater from neighboring areas.
Results confirm that un-sealing and expansion of permeable topsoil in urban zones can contribute to the reduction of stormwater runoff and the resulting flooding events. Furthermore, this research provided extended scope compared with previously published investigations. The progressive overflow and runoff reduction of stormwater was analyzed based on the variable dimensioning of a modular decentralized rainwater management system. The result was a flexible dimensioning system that can be adapted to specific city contexts with different natural and anthropogenic basic conditions, such as climate, soil and groundwater properties, the proportions and properties of built-up areas, and free spaces. This research included the provision of architectural and technical principles and a modular adaptable system for the integration of decentralized water, sanitation and stormwater management systems for the improvement of urban sustainability and water resilience.
The results of this research illustrate that decentralized stormwater management systems can effectively contribute to the climate resilience and sustainability of centralized water management systems. Therefore, the results contribute to the clarification of questions regarding the opportunities and challenges caused by the coexistence of decentralized and centralized urban water management systems discussed in recent literature [43, 44] .
The technical solutions for the improvement of water use efficiency at property and district levels implemented in this research improve the resilience of centralized water supply systems and available renewable water resources. The integration of environmentally sound technologies for separated drainage, collection, retention and infiltration of stormwater contributes to a proper function of the connected, centralized urban drainage and wastewater management system. At building and property levels, the decentralized systems facilitate the closing of the urban water cycle and the creation of synergies. Separated sewage and nutrient streams can be treated and reused according to their properties, for drinking water, service water and irrigation of horticulture and agriculture.
Further beneficial effects to the neighboring communities are related to sustainable wastewater and community-based organic waste management and urban agriculture. However, the investigation of community-based project management and organization of citizens for the operation of programs and facilities which were integrated in this converted IC were not addressed and are beyond the scope of this study. The management and reuse of water, organic wastes and food production should be incorporated in the broader framework of initiatives that aim for participatory and trans-disciplinary regeneration of urban districts [45] . The quantification of monetary costs for the construction, operation and maintenance of decentralized water management facilities and the possible savings that could be achieved through substitution of centralized management systems were beyond this study's scope. Accordingly, economic issues of urban regeneration with decentralized water management systems in comparison with centralized systems and the transformation potential needs to be addressed in future research.
Conclusions
This research discussed flood resilient and sustainable urban redevelopment potential using the example of the conversion of an exemplary IC in Seoul. Due to the natural and anthropogenic basic conditions, such as the extreme precipitation, high flood risks and comparable high building density in the investigated neighborhood, the findings of this research are generally transferable to national and international urban environments. The following four integrated sustainable strategies were applied: (i) Preservation, renovation and remodeling of existing IC buildings. (ii) Demolition of existing IC buildings and construction of new buildings on the footprints of existing buildings with additional underground and aboveground floors. (iii) Increase of floor area ratio and sustainability-related public and private programs in the converted IC in comparison to the existing IC. (iv) Creation of a stormwater and wastewater discharge-free property that contributes also to the restoration of a nature oriented urban water cycle in its neighborhood.
